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,QVWLWXW&KDUOHV*HUKDUGW)UDQFH,QVWLWXW(XURSpHQGHV0HPEUDQHV)UDQFH
2YHUWKH ODVWGHFDGHV WKHGHFUHDVHRI IRVVLO IXHOVUHVRXUFHVDQGWKHFOLPDWLF LVVXHV OLQNHGWR
WKH JUHHQKRXVH JDVHV HPLVVLRQV JHQGHUHGD JURZLQJ GHPDQGRQ DOWHUQDWLYH HQHUJLHV > @
&RQVLGHULQJHQHUJ\GHPDQGJURZWKDQGJOREDOZDUPLQJLVVXHVLWVHHPVXUJHQWWRLQFUHDVHWKH
XVHRIQRQSROOXWLQJHQHUJ\SURGXFLQJGHYLFHV7RDFKLHYHVXFKJRDOVPHWKRGVZKLFKGRQRW
FRQWULEXWH WR WKH JUHHQKRXVH HIIHFW VXFK DV ZLQG RU VRODU HQHUJLHV DUH FXUUHQWO\ EHLQJ
GHYHORSHG$PRQJWKHVHVHYHUDOGHYLFHVIXHOFHOOVVHHPWRRIIHUDQLQWHUHVWLQJVROXWLRQ,QIDFW
WKLV WHFKQRORJ\ HQDEOHV WKH GLUHFW FRQYHUVLRQ RI FKHPLFDO HQHUJ\ LQWR HOHFWULFDO HQHUJ\ RQO\
\LHOGLQJZDWHUDQGKHDWLI IXHOHGZLWKK\GURJHQ9DULRXVIXHOFHOOV\VWHPVKDYHEHHQGHVLJQHG
VLQFH WKH IXHOFHOOSULQFLSOHZDVSLRQHHUHGE\*URYH LQDQGDPRQJ WKHPVROLGDONDOLQH
IXHO FHOOV 6$)&V DUH WKH PRVW UHFHQW RQHV 8QOLNH 3URWRQ ([FKDQJH 0HPEUDQH )XHO &HOO
3(0)&ZKLFK UHTXLUHV WKHXVHRIQREOHPHWDOFDWDO\VWVVXFKDVSODWLQXP6$)& LVDEOH WR
RSHUDWH ZLWK OHVV H[SHQVLYH RQHV VXFK DV FREDOW RU QLFNHO ,W KDV DOVR EHHQ VKRZQ WKDW WKH
UHGXFWLRQ RI R[\JHQ RQ WKH FDWKRGH DQG WKH R[LGDWLRQ RI DOFRKROV DUH EHWWHU DW D KLJK S+
+RZHYHU WKH PDLQ FKDOOHQJH RI WKLV IXHO FHOO OLHV LQ LWV PHPEUDQH DV WKHUH DUH QR DQLRQ
H[FKDQJH PHPEUDQHV $(0V UHIHUHQFHV DV HIILFLHQW DV 1DILRQ IRU 3(0)& ,Q IDFW WKH
FDWLRQLFJURXSVPRVWO\TXDWHUQDU\DPPRQLXPJURXSVUHTXLUHGWRHQVXUHDKLJKFRQGXFWLYLW\RI
WKHK\GUR[LGHLRQVFDQEHVHQVLWLYHWRWZRPDLQGHJUDGDWLRQVWKH³+RIPDQQHOLPLQDWLRQ´ZKLFK
\LHOGVDQROHILQDQGDQDPLQHDQGD61QXFOHRSKLOLFVXEVWLWXWLRQZKLFK\LHOGVDQDOFRKRODQGD
WHUWLDU\DPLQH0RUHRYHUWKHPHPEUDQHVKDYHWREHWKHUPDOO\VWDEOHDQGZDWHULQVROXEOH
7R RYHUFRPH WKHVH LVVXHV DQG WR IXOILOO WKHVH UHTXLUHPHQWV RXU VWUDWHJ\ FRQVLVWHG LQ
V\QWKHVL]LQJ RULJLQDO IOXRULQDWHG WHUSRO\PHUV EHDULQJ SHQGDQW FKORULQH RU EURPLQH DWRPV WKDW
FDQIXUWKHUEHIXQFWLRQDOL]HG LQWRDPPRQLXPJURXSVVHH6FKHPH(UURU5HIHUHQFHVRXUFH
QRW IRXQG ,Q IDFW IOXRULQDWHG SRO\PHUV DQG FRSRO\PHUV DUH ZHOO NQRZQ IRU WKHLU JRRG
FKHPLFDO DQG WKHUPDO VWDELOLWLHV DV ZHOO DV WKHLU K\GURSKRELF EHKDYLRU :H IRFXVHG RQ WKH
UDGLFDO FRSRO\PHUL]DWLRQ RI FKORURWULIOXRURHWK\OHQH &7)( ZLWK YDULRXV YLQ\O HWKHUV ZKLFK LV
NQRZQWR\LHOGDOWHUQDWHGFRSRO\PHUV>@'LIIHUHQWYLQ\OHWKHUVKDYHEHHQDGHTXDWHO\FKRVHQ
WRH[KLELWQRK\GURJHQDWRPLQWKHȕSRVLWLRQRIWKHKDORJHQDWRPWKXVDYRLGLQJDQ\+RIPDQQ
GHJUDGDWLRQ 0RUHRYHU KHSWDGHFDIOXRURYLQ\OR[\GHFDQH
)$9(D IOXRULQDWHGYLQ\O HWKHUZDVDGGHG WR WKHRYHUDOOPL[WXUH WR LQFUHDVH WKHPROHFXODU
ZHLJKWRIWKHWHUSRO\PHUDVZHOODV LWVK\GURSKRELFLW\7KHQWKHSHQGDQWKDORJHQDWRPVZHUH
VXEVWLWXWHG E\ LRGLQH RQHV LQ WKH SUHVHQFH RI VRGLXP LRGLGH DFFRUGLQJ WR WKH )LQNHOVWHLQ
UHDFWLRQ7KLVVWHSLVQHFHVVDU\WRFDUU\RXWWKHTXDWHUQL]DWLRQVWHSDVWKHGLUHFWVXEVWLWXWLRQRI
WKHFKORULQHRUEURPLQHDWRPVE\WULPHWK\ODPLQH LVXQVXFFHVVIXO7KHWHUSRO\PHUVZHUHILQDOO\
TXDWHUQL]HGZLWKWULPHWK\ODPLQHWRHQVXUHWKHLRQLFFRQGXFWLYLW\7KURXJKRXWWKHV\QWKHVLVWKH
GLIIHUHQW SURGXFWV ZHUH FKDUDFWHUL]HG E\ + DQG ) 105 VSHFWURVFRS\ DQG PRODU PDVVHV
ZHUHHVWLPDWHGYLDVL]HH[FOXVLRQFKURPDWRJUDSK\(OHPHQWDODQDO\VHVZHUHDOVRFDUULHGRXWWR
GHWHUPLQHWKHSUHFLVHFRPSRVLWLRQRIWKHWHUSRO\PHUV
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6FKHPH  )RXUVWHS V\QWKHVLV RI TXDWHUQL]HG SRO\&7)(DOW9(FRSRO\&7)(DOW)$9(
ZKHUH5VWDQGIRUDQDON\ORUDQDURPDWLFJURXS
7KHWHUSRO\PHUVZHUHWKHQGLVVROYHGLQDQDSSURSULDWHVROYHQWFDVWRQD7HIORQILOPDQGWKH
PHPEUDQHVZHUHREWDLQHGDIWHUHYDSRUDWLRQRIWKHVROYHQWDWURRPWHPSHUDWXUH7KH\H[KLELWHG
LQWHUHVWLQJPHFKDQLFDOSURSHUWLHVVHH)LJXUH3K\VLFDODQGFKHPLFDOFKDUDFWHUL]DWLRQVZHUH
FDUULHG RXW WR GHWHUPLQH WKH SURSHUWLHV RI WKHPHPEUDQHV+\GURSKRELFLW\ ZKLFK LV WKHPDLQ
FULWHULRQIRU6$)&PHPEUDQHVZDVH[DPLQHGE\VWLUULQJWKHPHPEUDQHV LQWRGHLRQL]HGZDWHU
IRU  KRXUV DW URRP WHPSHUDWXUH DQG E\ FRQWDFW DQJOH PHDVXUHPHQW QR FKDQJHV ZHUH
REVHUYHGIRUWKHLPPHUVHGPHPEUDQHVZKLFKH[KLELWHGZDWHUFRQWDFWDQJOHVEHWZHHQDQG
+\GURO\WLFWHVWVZHUHDOVRFDUULHGRXWLQDONDOLQHPHGLDE\LPPHUVLQJWKHPHPEUDQHVLQWR
1D2+ VROXWLRQV ZLWK GLIIHUHQW FRQFHQWUDWLRQV DQG DW YDULRXV WHPSHUDWXUHV IRU  KRXUV
7KHUPRJUDYLPHWULF DQDO\VLV ZHUH DOVR FDUULHG RXW H[KLELWLQJ D  ZHLJKW ORVV WHPSHUDWXUH
7GRIFD&XQGHUDLUZKLFKLVKLJKO\DERYHWKHIXHOFHOORSHUDWLQJWHPSHUDWXUH
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)LJXUH  $PHPEUDQH REWDLQHG ZLWK SRO\&7)(DOW9(FRSRO\&7)(DOW)$9( OHIW VLGH
WKHZDWHU FRQWDFW DQJOH RQ WKH VDPHSRO\&7)(DOW9(FRSRO\&7)(DOW)$9(PHPEUDQH
ULJKWVLGH
7R LPSURYH WKHLU VXUIDFH SURSHUWLHV D SODVPD WUHDWPHQW RI WKHPHPEUDQHVZDV FDUULHG RXW
0HPEUDQHV ZHUH WUHDWHG RQ ERWK VLGHV ZLWK &) JDV XVLQJ YDULRXV SDUDPHWHUV HVSHFLDOO\
H[SRVLWLRQ WLPH JDV IORZ DQG HOHFWULF ILHOG LQWHQVLW\ $V WKHUPDO DQG FKHPLFDO VWDELOLW\ KDG
SURYHQ WREHVDWLVIDFWRU\ WKHPDLQSDUDPHWHUFRQVLGHUHG IRUSODVPD WUHDWPHQWHIIHFWZDV WKH
SHUPHDELOLW\ WRDOFRKROVHVSHFLDOO\HWKDQRO WKDW LVXVHGIRUIXHOFHOOHOHFWURFKHPLFDO WHVWV7KH
GLIIXVLRQ RI HWKDQRO WKURXJK WKH PHPEUDQHV KDV EHHQ GHWHUPLQHG EHIRUH DQG DIWHU SODVPD
WUHDWPHQWDQGWKHUHVXOWVZLOOEHGLVFXVVHG(OHFWURFKHPLFDOFKDUDFWHUL]DWLRQVLQDPHPEUDQH
HOHFWURGH DVVHPEO\ ZLOO DOVR EH LQYHVWLJDWHG WR GHWHUPLQH WKH LRQLF FRQGXFWLYLW\ RI WKH
PHPEUDQHVDQGZLOOEHGLVFXVVHG
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